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ABSTRACT
We obtained using MegaCam at the CFHT a deep narrow band Hα+[NII] wide field image of NGC 4569 (M90), the brightest late-type
galaxy in the Virgo cluster. The image reveals the presence of long tails of diffuse ionised gas without any associated stellar component
extending from the disc of the galaxy up to ' 80 kpc (projected distance) with a typical surface brightness of a few 10−18 erg s−1 cm−2
arcsec−2. These features provide direct evidence that NGC 4569 is undergoing a ram presure stripping event. The image also shows a
prominent 8 kpc spur of ionised gas associated to the nucleus that spectroscopic data identify as an outflow. With some assumptions
on the 3D distribution of the gas, we use the Hα surface brightness of these extended low surface brightness features to derive the
density and the mass of the gas stripped during the interaction of the galaxy with the intracluster medium. The comparison with
ad-hoc chemo-spectrophotometric models of galaxy evolution indicates that the mass of the Hα emitting gas in the tail is comparable
to that of the cold phase stripped from the disc, suggesting that the gas is ionised within the tail during the stripping process. The
lack of star forming regions suggests that mechanisms other than photoionisation are responsible for the excitation of the gas (shocks,
heat conduction, magneto hydrodynamic waves). This analysis indicates that ram pressure stripping is efficient in massive (Mstar '
1010.5 M) galaxies located in intermediate mass (' 1014 M) clusters under formation. It also shows that the mass of gas expelled by
the nuclear outflow is ∼ 1 % than that removed during the ram pressure stripping event. All together these results indicate that ram
pressure stripping, rather than starvation through nuclear feedback, can be the dominant mechanism responsible for the quenching of
the star formation activity of galaxies in high density environments.
Key words. Galaxies: individual: NGC 4569; Galaxies: clusters: general ; Galaxies: clusters: individual: Virgo; Galaxies: evolution;
Galaxies: interactions; Galaxies: ISM
? Based on observations obtained with MegaPrime/MegaCam, a joint
project of CFHT and CEA/DAPNIA, at the Canadian-French-Hawaii
Telescope (CFHT) which is operated by the National Research Council
(NRC) of Canada, the Institut National des Sciences de l’Univers of the
Centre National de la Recherche Scientifique (CNRS) of France and the
University of Hawaii.
1. Introduction
The environment plays a fundamental role in galaxy evolution.
Since the early works of Hubble & Humason (1931), Abell
(1965), and Oemler (1974) it became evident that galaxies in rich
environments are systematically different from those located in
ar
X
iv
:1
60
1.
04
97
8v
2 
 [a
str
o-
ph
.G
A]
  2
1 J
an
 20
16
2 Boselli et al.: Spectacular tails of ionised gas in the Virgo cluster galaxy NGC 4569
the field. Quiescent objects (ellipticals and lenticulars) are domi-
nating high-density regions such as clusters and compact groups,
while late-type systems are mostly located in the field (Dressler
1980; Binggeli et al. 1988; Whitmore et al. 1993; Dressler et
al. 1997). It also became clear that the physical properties of
star forming systems inhabiting rich environments are system-
atically different from those of their isolated analogues, with a
reduced atomic (e.g. Cayatte et al. 1990; Solanes et al. 2001;
Vollmer et al. 2001; Gavazzi et al. 2006a) and molecular gas
content (Fumagalli et al. 2009; Boselli et al. 2014c), dust content
(Cortese et al. 2010; 2012a), and star formation (e.g. Kennicutt
1983; Gavazzi et al. 1998, 2006b, 2013; Lewis et al. 2002; Goto
et al. 2003; Boselli et al. 2015).
As reviewed in Boselli & Gavazzi (2006), several physi-
cal mechanisms have been proposed to explain the origin of
these differences. These processes belongs to two main families,
those related to the gravitational interactions between galaxies
or with the potential well of the overedense region (tidal in-
teractions - Merritt 1983; Byrd & Valtonen 1990, harassment
- Moore et al. 1998), and those exerted by the hot and dense in-
tracluster medium on galaxies moving at high velocity within
the cluster (ram pressure stripping - Gunn & Gott 1972, vis-
cous stripping - Nulsen 1982, thermal evaporation - Cowie &
Songaila 1977, starvation - Larson et al. 1980). Since these large
dynamically-bounded structures observed in the local universe
form through the accretion of smaller groups of galaxies, these
processes might start to act well before galaxies enter rich clus-
ters (pre-processing; Dressler 2004).
The identification and the physical understanding of the
dominant process affecting galaxies in rich environments at dif-
ferent epochs is fundamental for tuning cosmological models
of galaxy evolution. At present, observations and simulations
give discordant results whenever large statistical samples ex-
tracted from blind surveys are compared to targeted observa-
tions of nearby clusters and groups. Most hydrodynamic cos-
mological simulations suggest that the environmental quenching
of the star formation is mainly regulated by starvation. Once in
high-density regions, galaxies lose their hot gas halo during the
dynamical interaction with the hostile environment. AGN and
supernovae feedback becomes particularly efficient in ejecting
the gas out from the galactic disc, quenching on several Gyr
the activity of star formation (McGee et al. 2009; Weinmann et
al. 2010). This scenario is supported by the analysis of SDSS
data, which suggest a quenching timescale of ∼ 5 Gyr for galax-
ies in dense environments (Wetzel et al. 2012, 2013). It is also
supported by the observations of several clusters at intermediate
redshift (e.g. Haines et al. 2013, 2015). In its current form, how-
ever, this scenario over-predicts the fraction of red dwarf galax-
ies compared to what is observed in nearby clusters (Kang & van
den Bosch 2008; Font et al. 2008; Kimm et al. 2009; De Lucia
2011; Weinmann et al. 2011; Taranu et al. 2014). At the same
time chemo-spectrophotometric multizone models of starvation
fail to reproduce the observed radial profiles of the cold gas and
of the young stars of star forming galaxies in nearby clusters
(Boselli et al. 2006).
Recent hydrodynamic simulations of individual galaxies in-
dicate ram pressure as a compelling alternative process to ex-
plain the observed peculiarities of cluster members (Roediger
& Bruggen 2007, 2008; Tonnesen & Bryan 2009, 2010, 2012).
These simulations show that, whenever the different gas phases
are properly simulated at high resolution, ram pressure is the
dominant mechanism responsible for the gas stripping and for
the following quenching of star formation up to ∼ 1 virial radius
of the cluster. The recent observation of several late-type galax-
ies with long tails of gas without any associated stellar compo-
nent at large clustercentric distances seems to corroborate this
scenario (e.g. Scott et al. 2012; Yagi et al. 2010; Fossati et al.
2012). However, it remains unclear what is the contribution of
the nuclear feedback to the stripping process, in particular in
massive spiral galaxies where both the gravitational potential
well and the nuclear activity are maximal. To date, the direct
observations of the feedback process in clusters is still limited
to a few central early-type galaxies with cooling flows (Fabian
2012). The detailed study of star forming systems is thus urgent
to understand the role of feedback in the environmental quench-
ing of the star formation activity.
A full understanding of the gas stripping process in high den-
sity regions requires the comparison of multifrequency obser-
vations covering the different phases of the interstellar medium
(ISM; atomic and molecular, ionised, hot gas, dust) and the dif-
ferent stellar populations with tuned chemo-spectrophotometric
and hydrodynamic models of gas stripping. This comparison
has been done in the Virgo cluster (Boselli et al. 2014b), the
closest concentration of galaxies to the Milky Way (17 Mpc,
Gavazzi et al. 1999; Mei et al. 2007), where multifrequency data
covering the whole electromagnetic spectrum are now available
down to the dwarf galaxy population (GUViCS, Boselli et al.
2011; NGVS, Ferrarese et al. 2012; HeViCS, Davies et al. 2010;
ALFALFA, Giovanelli et al. 2005). These works consistently in-
dicate ram pressure as the dominant process responsible for the
gas stripping and the quenching of the star formation activity of
star forming systems recently accreted by the cluster (Cayatte
et al. 1990; Solanes et al. 2001; Gavazzi et al. 2013; Boselli et
al. 2008ab, 2014b). The Virgo cluster has another major quality:
thanks to its proximity the angular resolution of multifrequency
data is comparable to that obtained in high-resolution simula-
tions. The comparison of the kinematic and spectrophotometric
properties of several bright Virgo galaxies has been indeed cru-
cial for the identification of the perturbing process (Vollmer et
al. 1999, 2000, 2004, 2005, 2006, 2008a, 2008b, 2009, 2012;
Vollmer 2003; Kenney et al. 2004; Boselli et al. 2005, 2006;
Crowl & Kenney 2008; Abramson et al. 2011; Kenney et al.
2014; Abramson & Kenney 2014; Cortes et al. 2015).
A representative case is NGC 4569, the most massive late-
type galaxy of the cluster (M∗ ' 1010.5 M) located at ∼ 1.7
degree north-east from M87 (corresponding to 0.32 virial radii
Rvir from the cluster core, see Fig. 1). The study of the kine-
matic properties of the galaxy derived from HI data combined
with simulations suggest that the galaxy has undergone a ram
pressure stripping event with a peak of efficiency ∼ 300 Myr
ago (Vollmer et al. 2004). A similar result (∼ 100 Myr) has been
obtained by comparing the observed radial truncation of the dif-
ferent gaseous and stellar components with multizone chemo-
spectrophotometric models of galaxy evolution that are tailored
to take into account the effects of ram pressure and starvation
(Boselli et al. 2006; Crowl & Kenney 2008). This galaxy, how-
ever, as most of the massive galaxies in the nearby universe, is
also characterised by a nuclear activity with an associated out-
flow of gas (see sect. 6.2). It is thus an ideal candidate to study
the relative contribution of ram pressure stripping and nuclear
feedback to the stripping process of cluster galaxies. For this
purpose we have obtained a deep narrow band Hα+[NII] im-
age of NGC 4569 and its surrounding regions with MegaCam at
the CFHT, that we combine here with an umpublished long-slit
spectrum obtained at Calar Alto in 2001. Deep Hα imaging is
used to search for long tails of ionised gas, the most direct wit-
ness of an ongoing ram pressure stripping event (e.g. Gavazzi et
al. 2001). At the same time, the impact of feedback can be quan-
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Fig. 3. The Hα+[NII] image of NGC 4569 and IC 3583 ob-
tained with a 30 min ON-band exposure at the 1.2m telescope
of the Observatoire de Haute Provence, from Boselli & Gavazzi
(2002). The image covers the area shown as the white box in
Figure 2.
tified by studying the properties of the ionised gas associated to
the nuclear outflow.
2. Observations
2.1. Narrow band imaging
The observations were carried out in May 2015 using MegaCam
at the CFHT. NGC 4569, which has a recessional velocity of
-221 km s−1, was observed in the narrow band filter MP9603
centered on the Hα line (λ = 6590 Å; ∆λ = 104 Å, T = 93%).
The transmissivity T of the filter (-1140 < vel < 3600 km s−1)
perfectly covers the range in recessional velocity of the whole
Virgo cluster region (Binggeli et al. 1993; Boselli et al. 2014a).
Because of its width, the filter encompasses the two [NII] lines
at λ = 6548 and 6584 Å. The stellar continuum was measured
through the broad-band r filter. Since the purpose of the present
observations was to detect low surface brightness features asso-
ciated to the galaxy, the observations were done using the point-
ing macro QSO LDP-CCD7 optimised for Elixir-LSB observing
and processing mode (see sect. 3). This macro makes 7 differ-
ent pointings around the galaxy using a large dithering as gen-
erally done in near-infrared imaging of extended sources. The
final fully co-added image covers the central 40’×30’ at max-
imum depth, while a larger area is mapped at lower sensitiv-
ity. This mode has been extensively used over the recent years
and applies well to narrow-band imaging data with long expo-
sures (medium sky background levels). Integration times were
of 660 sec per pointing in the ON-band image, and 66 sec in
the OFF-band r-band filter, thus the resulting integration time
on the stacked image is of 4620 sec in Hα+[NII] and 462 sec in
r. The photometric calibration of the data, taken in photometric
conditions, has been done in the r band following the standard
MegaCam procedures. In the narrow band filter the photometric
calibration was secured with the observation of the spectropho-
tometric standards Feige 34 and Hz44 (Massey et al. 1988). The
observation of these standard stars gives consistent results within
2%. The images were taken in good seeing conditions (0.80 arc-
sec in r and 0.86 in Hα+[NII]).
2.2. Long slit spectroscopy
NGC 4569 was observed in 2001 with the Calar Alto 3.5m tele-
scope using the Twin spectrograph. The galaxy was observed
with the T05 and T06 gratings in the blue (4430 Å) and red
(6562 Å) arm of the spectrograph with a dispersion of 36 Å/mm
and a spatial sampling of 0.56 arcsec/pixel. Observations were
obtained with a 30 min exposure using a 4 arcmin long slit of
width 1.2 arcsec centered on the nucleus of the galaxy and ori-
ented to a PA of 105o as indicated in Fig. 6. Due to the low signal
to noise and sensitivity in the blue arm we were not able to obtain
reliable measurements for a detailed and satisfactory analysis of
the data.
3. Data reduction
3.1. Narrow band imaging
The data have been reduced using the Elixir-LSB package
(Cuillandre et al. in preparation), a pipeline expressly developed
to minimise the contribution of the scattered light component in
MegaCam images. The efficiency of this observing strategy and
data reduction procedures have been proven by the detection of
very low surface brightness features in the tidal tails associated
to early-type galaxies in the MATLAS (Duc et al. 2011; 2015)
and in the NGVS surveys (Ferrarese et al. 2012; Mihos et al.
2015).
The best ON- and OFF-band images are then combined to
produce a Hα+[NII] (continuum-subtracted) frame (Fig. 2). The
ON- and OFF-band frames are scaled using ad-hoc normalisa-
tion factors n depending on the typical colour of the galaxy
(Spector et al. 2012). The colour-dependent normalisation has
been determined using 15 stars of different colour in the ob-
served field. The photometric calibration of the image obtained
using the spectrophotometric standard stars was checked us-
ing a few galaxies in the field observed during previous tar-
geted narrow-band imaging observations or using nuclear spec-
troscopy from the SDSS (see Table 1). This comparison gives
fairly consistent results (0.25 dex).
The pixel size in the raw images is of 0.187 arcsec/pixel.
To increase the signal-to-noise we rebinned the images by
a factor of three (0.561 arcsec/pixel), and later smoothed
them using a median 5x5 pixel filter. At low level counts the
continuum-subtracted image also shows several low surface
brightness features. Some of them are clearly associated to the
reflection of bright stars in the field, not fully removed by the
Elixir-LSB data reduction procedure. Fortunately these are far
from the target galaxy and only marginally affect the present
analysis. The image also shows filamentary structures in the
west of NGC 4569 forming a double tail clearly associated to
the galaxy (see next section). The pixel 1 σ rms of the resulting
rebinned image is of 3.8 × 10−18 erg cm−2 sec−1 arcsec−2.
Because the signal is extended on scales of a few arcseconds in
the extended filaments detected in Hα+[NII], once smoothed,
the image is sufficiently deep to detect features with a surface
brightness of ' 10−18 erg cm−2 sec−1 arcsec−2 (Fig. 2). The
comparison of the continuum-subtracted image of the galaxy
(Fig. 2) with the one obtained in a 30 min exposure with the
1.2 meter OHP telescope (Fig. 3, Boselli & Gavazzi 2002)
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underlines the exquisite quality of the present image. The total
Hα+[NII] flux of the stellar disc measured within an elliptical
aperture arbitrary defined to minimise the contribution of IC
3583 (Fig. 4) is log f (Hα + [NII]) = -11.85±0.03 erg s−1 cm−2,
which is consistent with previous estimates (see Table 1).
3.2. Long slit spectroscopy
Reduction was performed using the longslit package in IRAF.
We used dome flats to create the spectroscopic flat field.
Wavelength calibration was performed using the Thorium-
Argon lamp. The tilt of the dispersion axis with respect to the
CCD rows was corrected using a template created from observa-
tions of standard stars and the galaxy core at different positions
along the slit.
From the sky subtracted, continuum subtracted, and wave-
length calibrated 2D spectrum (shown in Figure 5) we extract
1D spectra in the regions given in Table 2 using median statis-
tics. Variance spectra are extracted in the same positions along
the slit by assuming Poisson statistics on the un-skysubtracted
2D spectrum. The spectral resolution (R = λ/∆λ) is obtained by
fitting 18 bright isolated sky lines in the spectrum in a position
close to the galaxy nucleus. We then fitted a 3rd order polino-
mial to those points to obtain a model of R vs. wavelength which
is then used in the fitting procedure to correct the width of the
lines for the instrumental resolution. The spectral resolution of
the data is R = 6290 (FWHM = 46 km s−1 or 1.02 Å) at Hα.
We fit the emission line of the spectrum with the kubeviz
software1 (Fossati et al. 2015). This code uses “linesets”, defined
as groups of lines that are fitted simultaneously. Each lineset is
described by a combination of 1D Gaussian functions where the
relative velocity separation of the lines is kept fixed. In this work
we fit two linesets, the first made of Hα and [NII] λλ6548, 6584
and the second made of [SII] λλ6716, 6731. Furthermore, the
flux ratio of the two [NII] lines is kept constant in the fit to
the ratios in Storey & Zeippen (2000). The continuum level is
evaluated during the fit procedure with an initial guess estimated
in two symmetric windows around each lineset. During the fit,
kubeviz takes into account the noise from the variance spectra,
thus optimally suppressing sky line residuals (which bracket the
Hα line at the redshift of NGC4569). However, the adopted vari-
ance underestimates the real error, most notably because it does
not account for correlated noise introduced in the reduction pro-
cedure and extraction of 1D spectra. We therefore renormalise
the final errors on the line fluxes and kinematical parameters as-
suming a χ2 = 1 per degree of freedom. The resulting emission
line measurements are given in Table 2. We verified that the kine-
matical parameters are consistent within the uncertainties if we
compare the two linesets (Hα+[NII] and [SII]). None the less the
values listed in Table 2 are obtained from the first lineset because
the uncertainties are smaller due to the brighter lines. Diagnostic
line ratios are also given whenever the signal-to-noise of all the
lines involved in the ratio is greater than 3.
4. Physical parameters
4.1. Narrow band imaging
The deep Hα+[NII] image of NGC 4569 shows several fila-
mentary features extending from the disc of the galaxy to ∼ 80
1 http://www.mpe.mpg.de/˜mfossati/kubeviz/
Fig. 5. The 2D continuum subtracted spectrum of NGC 4569
zoomed on the Hα and [NII] lines (left) and on the [SII] dou-
blet (right) obtained at Calar Alto with a slit of width 1.2 arc-
sec positioned along the minor axis on the spur of ionised gas
as indicated in Fig. 6. The red labels shown on the left panel
correspond to those shown in Fig. 6 and indicate the range of
pixels used to extract 1D spectra to derive the physical param-
eters given in Table 2. The blue vertical arrow shows the mean
recessional velocity of the galaxy (-221 km s−1) derived from HI
data.
kpc projected distance to the west. These filaments are domi-
nated by two main features as often observed in cluster galax-
ies with extended tails of ionised gas (Sun et al. 2007, 2010;
Yagi et al. 2010). The Hα+[NII] fluxes of NGC 4569 and of its
associated low surface brightness extended features (Table 3),
as well as that of the other galaxies in the frame (Table 1), are
determined by measuring the counts in the ON- and OFF-band
frames (after removing the contribution of unwanted foreground
stars in the field). The flux of all these targets has been extracted
using the QPHOT IRAF task whenever possible. For sources
with asymmetric distributions or with evident nearby compan-
ions which might significantly contaminate the flux we used the
FUNTOOLS analysis package on DS9. For these sources we
manually defined elliptical apertures adjusted to fit the full light
profile of each target galaxy and to select uncontaminated re-
gions for the determination of the sky background. Using poly-
gons, we identified in the image smoothed with a median filter of
5×5 pixels a number of low surface brightness features labeled in
Fig. 4. Their flux has been extracted using FUNTOOLS, while
the local sky background was estimated in adjacent polygons.
We also extracted the total flux of all the extended filaments
using a large polygon covering the western part of the galaxy,
with its associated sky background measured in several circular
apertures located in uncontaminated regions around it. The un-
certainty on these measurements has been determined using the
prescription given in Boselli et al. (2003) which is optimised for
extended sources where the uncertainty is dominated by large
scale fluctuations of the sky background (see also Ciesla et al.
2012). The properties of these regions are listed in Table 3.
The Hα luminosity of the different galaxies and of the ex-
tended features can be determined once the observed fluxes are
corrected for [NII] contamination. This is relatively easy for the
emission over the discs of the two galaxies NGC 4569 and IC
3583, an irregular galaxy at a projected distance of ∼ 6 arcmin,
for which integrated spectroscopy is available from Gavazzi et
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al. (2004) and Boselli et al. (2013)2. The physical conditions
of the stripped interstellar medium might be significantly dif-
ferent than over the disc of the galaxy, thus this ratio might sig-
nificantly change. In particular, the radiation of the hot gas of
the intracluster medium is expected to increase the [NII]/Hα ra-
tio. Recent spectroscopic observations done with the Multi Unit
Spectroscopic Explorer (MUSE) of ESO 137-001, a galaxy in
the Norma cluster undergoing a stripping process similar to the
one occurring in NGC 4569, suggest that the [NII]/Hα ratio in
the tail is not typical of a photoionisation region ([NII]/Hα '
0.3), but is slightly higher likely because the gas is partly ex-
cited by shocks or heat conduction ([NII]/Hα ' 0.5, Fossati et
al. 2015). Similar results have been derived from the spectro-
scopic observations of the tails of other cluster galaxies (Yagi
et al. 2007; Yoshida et al. 2012; Merluzzi et al. 2013). We thus
assume [NII]/Hα = 0.5 in the tails.
An estimate of the density of the ionised gas can be derived
using the relation:
L(Hα) = nenpα
e f f
Hα V f hνHα (1)
(Osterbrock & Ferland 2006) where ne and np are the number
density of electrons and protons, αe f fHα is the Hα effective recom-
bination coefficient, V is the volume of the emitting region, f the
filling factor, h the Planck’s constant, and νHα the frequency of
the Hα transition. The two variables V and f can be only crudely
estimated from observations or from simulations.
The stripped material is assumed to be distributed in a cylin-
der of diameter (' 50 kpc) and of height comparable to the ex-
tension of the observed tail of ionised gas. In the case of NGC
4569, the tail extends up to ' 80 kpc on the plane of the sky.
Since the galaxy is blue-shifted (vel = -221 km s−1), we expect
that it is crossing the cluster from the backside. It is conceiv-
able that the observed tail of ionised gas is just a projection on
the plane of the sky, thus that 80 kpc is a lower limit to the real
height of the cylinder. The comparison of multifrequency obser-
vations of the galaxy with tuned models of gas stripping suggest
that the galaxy underwent the peak of the stripping process '
100 Myr ago (Boselli et al. 2006). At a radial velocity of ' 1100
km s−1 with respect to the cluster centre3, the galaxy would have
traveled ∼ 120 kpc along the line of sight. Summing these val-
ues quadratically, we expect that the physical extension of the
stripped gas is ∼ 145 kpc, corresponding to ∼ 5.5 times the opti-
cal radius of the galaxy.
The filling factor f is another unconstrained parameter. In
all galaxies where tails have been observed, the ionised gas has
a structured distribution, with high density clumps of condensed
material often associated to star forming regions, otherwise ex-
tended in filamentary structures (Yagi et al. 2007, 2010, 2013).
Similar structures are also present in hydrodynamic simulations
(e.g. Tonnesen & Bryan 2010). In particular, the filamentary
structures with double tails are reproduced in simulations when-
ever magnetic fields are taken into account (Ruszkowski et al.
2014, Tonnesen & Stone 2014). It is thus most likely that f < 1,
but its exact value is highly uncertain. Consistently with previ-
ous works, which generally take 0.05 < f < 0.1, we assume f =
0.1.
2 We use for this purpose the updated value of [NII]/Hα = 0.97 for
NGC 4569 given in Boselli et al. (2015).
3 The mean velocity of cluster A, the Virgo substructure to which
NGC 4569 belongs, is vel = 955 km s−1 (Boselli et al. 2014a).
If we assume that the gas is fully ionised, thus that ne = np,
and αe f fHα = 1.17 × 10−13 cm3 s−1 (Osterbrock & Ferland 2006)
the density of the gas can be derived from eq. (1):
ne =
√
L(Hα)
α
e f f
Hα V f hνHα
(2)
Under these assumptions, the mean density of the ionised gas
is ne ' 5 × 10−3 cm−3, and the total mass of the ionised gas
is M(tail(Hα) ' 3.2 × 109 M. Given the large uncertainty on
the geometry of the gas, this is a very rough estimate. We can
also calculate the typical density of the gas within the different
filaments labeled in Fig. 4. Assuming a cylindrical geometry,
the typical density within the different filaments ranges between
2 and 4 × 10−2 cm−3, while the total mass in the 13 identified
regions is ' 3.1 × 108 M4.
4.2. Long slit spectroscopy
4.2.1. Kinematics
The spectral resolution of the Calar Alto observations is suffi-
cient to study the kinematics of the ionised gas along the slit (see
Table 2). The 2D-spectrum of the galaxy (Fig. 5) shows an offset
in velocity in the SE (region A, extending up to ' 20 arcsec) and
NW (region B, up to ' 30 arcsec). This offset, which is observed
also in the Hα Fabry-Perot data of Chemin et al. (2006), is due
to the rotation of the galaxy. This region corresponds to the Hα
main body of the galaxy in Fig. 6. The nuclear spectrum also
shows a large velocity dispersion (132 km s−1) due to the turbu-
lence in the gas probably induced by a nuclear activity (Ho et al.
1997). A high surface brightness region is detected at ∼ 50 arc-
sec from the nucleus in the NW direction (region D). This region,
which is located in the projection of the extended NW spiral arm,
is present also in the Fabry-Perot data. The velocity dispersion of
this region is low (' 10 km s−1) and is typical of an HII region.
Further out, emission is detected along the filaments of ionised
gas at high velocity (up to ' 130 km s−1 in region E) with re-
spect to the nucleus. The kinematic of the gas, as shown in Fig.
5, is totally disconnected from the rotation of the disc. Further
out (regions F, G), the recessional velocity decreases smoothly,
then rapidly in region H reaching negative values. The velocity
dispersion in these outer and diffuse regions is relatively high
(70-90 km s−1), indicative of the presence of turbulent motions.
4.3. Line ratios
We can also estimate how the [NII], Hα, and [SII] line ratios
change along the slit in the different positions listed in Table
2. The [NII]/Hα line ratio in the nucleus is 1.29±0.04, while
[SII]/Hα = 0.67±0.02. These values are typical of LINER galax-
ies (e.g. Ho et al. 1997). The values of region D ([NII]/Hα =
0.37±0.03; [SII]/Hα = 0.26±0.02) are typical of HII regions,
confirming that this high surface brightness spot is a star form-
ing regions associated to the western spiral arm. The values of
[NII]/Hα and [SII]/Hα measured in all other regions, on the con-
trary, are in the range 0.7 . [NII]/Hα . 1.4 and 0.4 . [SII]/Hα
. 0.9. Although uncertain, these values are too high to be pro-
duced by stellar photoionisation only, but rather require the con-
tribution of an hard radiation field as the one produced by a
4 This value should be taken as a lower limit to the total mass of the
ionised gas given that the 13 regions indicated in Fig. 4 do not include
all the low surface brightness filaments associated to the galaxy.
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nearby nucleus or by slow shocks (Tuelmann et al. 2000; Allen
et al. 2008; Rich et al. 2011). In the spur of ionised gas the
[SII]λ6716/[SII]λ6731 line ratio is ' 1.4 suggesting that the
electron density of gas is low (ne . 10 cm−3). The exact value
is poorly constrained given the large uncertainty on the [SII] ra-
tio and the saturation in the intensity ratio vs. electron density
relation (Osterbrock & Ferland 2006).
5. Comparison with multifrequency data
High-quality multifrequency data covering the whole elec-
tromagnetic spectrum, from X-ray to radio, of NGC 4569
are available in the literature. These data are crucial for a
comparison with the Hα data obtained in this work to identify
the perturbing mechanism affecting the galaxy. Excellent quality
ugiz imaging data of NGC 4569 have been obtained as part of
the NGVS survey using MegaCam at the CFHT (Ferrarese et al.
2012). The pseudo-colour optical image of the galaxy is shown
in Fig. 7 and 8. The optical image does not show any diffuse
stellar emission down to a surface brightness limit of ' 29 µg
mag arcsec−2 (AB system) associated to the stripped ionised
gas located in the west of the galaxy. The lack of low surface
brightness stellar features, which are generally formed during
gravitational interactions with nearby companions, suggests that
the gaseous component is removed from the galaxy through
the interaction with the hot and dense intracluster medium.
The comparison of the Hα frame with the optical NGVS (Fig.
7) and the FUV and NUV (Figs. 9 and 11) images of the
galaxy obtained as part of the the GUViCS survey of the cluster
(Boselli et al. 2011) also indicates that the ionised gas is only
diffuse and does not have any clumpy structure suggesting
the presence of extraplanar HII regions. The smallest resolved
features in the Hα+[NII] image have a filametary structure of
thickness larger than 200 pc. We remark that the NUV image of
the galaxy and its surrounding regions has been obtained with a
very long exposure (16993 sec) and it is thus very sensitive to
extraplanar star forming regions such as those observed around
M49 (Arrigoni-Battaia et al. 2012) or VCC 1217 (Hester et al.
2010; Fumagalli et al. 2011; Kenney et al. 2014). The Hα+[NII]
surface brightness of the extraplanar HII regions associated
to these two galaxies is ∼ 2 × 10−17 erg cm−2 sec−1 arcsec−2,
thus well above the detection limit of our image. The limiting
sensitivity in the NUV image is of ' 29 AB mag arcsec−2, thus
deep enough to detect low surface brightness features such as
those observed in the tidal tails of NGC 4438 (Boselli et al.
2005).
The distribution of the atomic gas has been mapped using
the VLA in C short configuration by Chung et al. (2009). The
HI image, which has an angular resolution of 15-16 arcsec and a
column density sensitivity of 3-5 × 1019 cm−2 (3 σ per chan-
nel), shows that the HI gas is located within the stellar disc
of the galaxy and has a truncated radial distribution typical of
HI-deficient cluster galaxies (Cayatte et al. 1994; Chung et al.
2009). This is also the case for the distribution of the molecular
gas (Helfer et al. 2003) and of the hot and cold dust components
as derived from WISE, Spitzer, and Herschel5 images (Boselli
et al. 2006; Cortese et al. 2014; Ciesla et al. 2012; Fig. 10). The
atomic gas and the dust component are not detected along the
tails of ionised gas.
5 NGC 4569 has been observed during the Herschel Reference
Survey, Boselli et al. (2010). Most of these multifrequency data are
available on a dedicated database: http://hedam.lam.fr/HRS/
Fig. 11. The pseudo-colour image of NGC 4569 and IC 3583
obtained combaining XMM 0.4-1.3 keV X-rays (blue), GALEX
NUV (green), and CFHT MegaCam Hα+[NII] (red) images.
North is up, east left.
Rosat, XMM-Newton, Chandra X-ray and VLA 1.4, 4.86
GHz radio continuum images of NGC 4569 show extended fea-
tures perpendicular to the stellar disc of the galaxy (Tschoeke
et al. 2001; Chyzy et al. 2006; Grier et al. 2011; Wezgowiec et
al. 2011, 2012). The extension of the hot gas traced by the 0.2-1
keV XMM-Newton X-ray image, however, is smaller than that
of the ionised gas (Fig. 10 and 11). The 20 cm radio continuum
emission, instead, is limited to the inner 22 kpc and does not
morphologically match the ionised gas.
6. Discussion
6.1. The galaxy
NGC 4569 shows a truncated star forming disc with respect
to the distribution of the old stellar populations (Boselli et al.
2006), with a prominent spiral arm starting from the north of the
galaxy and extending in the west direction. The excellent quality
of the CFHT image shows resolved HII regions along the disc
and the western spiral arm. A concentration of HII regions is
present on the north-east and south-west star forming disc, sug-
gesting a grand design spiral pattern drawn by two major spiral
arms. Independent tracers of star formation, including the Hα
flux derived in this work, can be converted under some assump-
tions into star formation rates (e.g. Kennicutt 1998, Boselli et
al. 2009). The star formation rate measured over the whole disc
of NGC 4569 is S FR ' 2 M yr−1 assuming a Salpeter IMF
(Boselli et al. 2015).
The wavelength dependent truncation of the stellar disc and
of the gas (atomic and molecular) and dust components observed
in NGC 4569 has been explained as due to a recent (' 100 Myr)
ram pressure stripping event able to radially remove the gaseous
component and gradually quench the activity of star formation
of the galaxy in the outer regions (Boselli et al. 2006). A similar
timescale (' 300 Myr) has been derived from the study of the
kinematic properties of the atomic gas (Vollmer et al. 2004) and
from the analysis of 2-D optical spectra (Crowl & Kenney 2008).
The physical and kinematic properties of the main body of NGC
4569 thus consistently indicate that the galaxy underwent a re-
cent ram pressure stripping event. We want to see whether this
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evolutionary picture can also explain the presence of the low sur-
face brightness features detected in the Hα+[NII] narrow band
image described in the previous section.
6.2. The nuclear outflow
The deep MegaCam Hα+[NII] image shows a diffuse and ex-
tended halo of ionised gas around the galaxy. It also shows a
prominent plume in the western side perpendicular to the disc.
This plume is located south of the minor axis in the region be-
tween the star forming disc and the prominent western spiral
arm, and along the minor axis outside it, identified with a blue
polygon in Fig. 4. Its total extension is ' 100 arcsec (8 kpc),
and its total flux is log f (Hα+ [NII]) = -13.07 erg s−1 cm−2 (see
Table 3). The presence of a prominent dust lane in the western
side of the galaxy (Fig. 8), hidden by the bulge in the eastern
side, suggests that the western side is the near side. The spur
of gas observed in the western side has a higher recessional ve-
locity with respect to the nucleus of the galaxy and is thus an
outflow. The nuclear outflow is probably powered by a nuclear
starburst (Barth et al. 1998; Maoz et al. 1998; Barth & Shields
2000, Tschoeke et al. 2001, Chyzy et al. 2006). The spectral syn-
thesis analysis of the nuclear HST spectra carried out by Barth &
Shields (2000), who classified it as a typical LINER/HII transi-
tion nucleus, dated the nuclear (. 30 pc) starburst to ∼ 3-6 Myr
(Barth & Shields 2000, Gabel & Bruhweiler 2002). The pres-
ence of A-type supergiants in the inner ∼ 300 pc suggests that
a second starburst occurred more than 15 Myr ago (Keel 1996).
A contribution from an AGN cannot be fully excluded given the
presence of a compact source in the soft Chandra X-ray image of
NGC 4569 (Grier et al. 2011). A dominant AGN activity, how-
ever, is ruled out by the lack of a point-like nuclear source in
the radio continuum (Hummel et al. 1987; Neff & Hutchings
1992) and in the ROSAT X-ray hard band image of the galaxy
(Tschoeke et al. 2001).
If we assume that the gas is mainly photoionised we can
use eq. 2 to estimate the total density and mass of the ionised
gas in the outflow. Assuming that the gas in the outflow is in
a cylinder of 60 arcsec (5 kpc) diameter and 96 arcsec (8 kpc)
projected length, [NII]/Hα ' 1, and a filling factor f = 0.1, the
density of the ionised gas is ne ' 9.7 × 10−2 cm−3 and its total
mass Mout(Hα) ' 3.4 × 107 M (see Table 4). This density is
consistent with the mean electron density ne . 10 cm−3 derived
by the poorly constraining [SII]λ6716/[SII]λ6731 line ratio of
the outflow (' 1.4). At this density, the recombination time is
trec ' 1 Myr, shorter than the age of the nuclear starburst. For
an outflow velocity of ' 130 km s−1, the ejected gas should
have traveled only a distance of ' 0.65 kpc in 5 Myr, and & 2
kpc if powered by an older (> 15 Myr) starburst episode that
is necessary to explain the presence of A-type supergiants in
the inner 300 pc (Keel 1996). These distances are too small
compared to the typical extension of the spur of ionised gas ('
8 kpc). It is thus conceivable that the gas in the outflow has been
ionised by other mechanisms than photoionisation from the
central starburst. These can be identified as the nuclear activity
or the shock induced by the turbulence in the outflow.
We can also make a rough estimate of the total (potential
and kinetic) energy of the outflow. Considering the outflow as a
cylinder of physical length H and radius r, its potential energy
can be derived using the relation:
dΦout = G
MN4569+out
h
dMout =
= G(ρN4569 + ρout)(pir2)2Hρout
dh
h
(3)
where ρN4569 and ρout are the mean mass density of the galaxy
and of the gas in the outflow. The density of the galaxy can be
inferred from its rotational velocity velN4569(r) ' 250 km s−1 at
a radius r = 8 kpc (Rubin et al. 1989) using the virial theorem
(ρN4569 ' 4.9 × 10−24 g cm−3), while that of the outflow is the one
previously derived from the Hα luminosity (ρout ' 1.4 × 10−25
g cm−3). The potential energy of the outflow is thus Φout ' 9 ×
1055 ergs. The kinetic energy of the outflow is:
Ekin,out =
vel2out
2
Mout (4)
where Mout is the mass of the outflow (Mout = 3.4 × 107 M, see
Table 4) and velout its velocity corrected for the orientation of the
galaxy on the plane of the sky (velout ' 260 km s−1, see Table 2).
The kinetic energy of the outflow is Ekin,out ' 2.4 × 1055 ergs and
the total energy is Etot,out ' 1.1 × 1056 ergs. This energy would
require 1.1 × 105 supernovae of energy 1051 ergs, or a larger
number if we assume a more realistic 1-10% energy transfer ef-
ficiency. To provide this number of supernovae, the nuclear star
cluster should have a mass & 2.4 × 107 M and a star forma-
tion rate of & 24 M yr−1. The required mass and star formation
activity of the nuclear starburst are a few order of magnitudes
higher than those observed in the galaxy (Keel 1996; Barth &
Shield 2000, Boselli et al. 2015). We caution, however, that ram
pressure can produce low-density superbubble holes in the inner
disc and thus supply extra energy to the outflow through Kelvin-
Helmholtz instabilities (Roediger & Hensler 2005) and viscous
stripping (Roediger & Bruggen 2008). Despite this possible in-
crease of the efficiency in the energy transfer to the outflow due
to ram pressure, this simple calculation suggests a probable su-
ply of energy by an AGN.
The striking velocity difference between the adjacent regions
G and H (∼ 60 km s−1) can be explained by the fact that while
region G is associated to the nuclear outflow, in region H the
ionised gas might have been stripped from the disc of the galaxy
and is only located in projection close to the outer extension of
the outflow. Indeed, a deep inspection of Fig. 6 shows that region
H is a few arcsec below the projection of the nuclear outflow.
6.3. The diffuse gas
The rough estimate of the total mass of the ionised gas derived
from Hα in the diffuse tail that we have derived in sect. 4 is
Mtail(Hα) ' 3.2 × 109 M (Table 4). This mass can be compared
to the total dynamical mass of the galaxy (1.2 × 1011 M, Haan
et al. 2008) and to the mass of gas in the other gaseous phases.
This galaxy has a total mass of molecular hydrogen of M(H2)
= 4.9 × 109 or 2.2 × 109 M depending whether the molecu-
lar gas mass is derived from CO observations using a constant
or variable CO-to-H2 conversion factor (Boselli et al. 2014b).
The total HI mass of NGC 4569 is 7.6 × 108 M (Haynes et al.
2011) and is about a factor of ten smaller than the one of isolated
galaxies of similar type and luminosity, as indeed indicated by
its large HI-deficiency parameter (HI − de f 6 = 1.05, Boselli et
al. 2014b). This suggests that NGC 4569 has lost ' 7.7 × 109 M
of HI. A more accurate estimate of the total mass of gas lost by
the galaxy during its interaction with the cluster environment can
6 The HI-deficiency parameter is defined as the difference in logarith-
mic scale between the expected and the observed HI mass of a galaxy of
given angular size and morphological type (Haynes & Giovanelli 1984).
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be derived from multizone chemo-spectrophotometric model of
galaxy evolution (Boselli et al. 2006). The truncated gaseous and
stellar profiles of NGC 4569 can be reproduced if the galaxy lost
' 1.9 × 1010 M of gas during a ram pressure stripping event
that started ∼ 100 Myr ago. This mass is slightly larger than the
very rough estimate of the ionised gas mass derived from Hα and
suggests that a large fraction of the atomic gas, once stripped, is
ionised within the tail. The deep VLA 21 cm observations of the
VIVA survey detect HI gas only within the stellar disc of NGC
4569 (Chung et al. 2009). A comparison of the HI and Hα+[NII]
frames of the galaxy does not show the presence of any HI ex-
traplanar feature associated to the tails of ionised gas down to a
column density limit of 3-5 × 1019 cm−2 for a 10 km s−1 spec-
tral resolution (Chung et al. 2009). If all the stripped HI gas ('
1.9 × 1010 M) was still in its neutral phase and was distributed
within the same tail defined by the Hα+[NII] emission, its col-
umn density should be Σ(HI) ' 0.4 M pc−2 (∼ 5 × 1019 at cm−2)
close to the detection limit of the VLA images. This, however, is
probably a lower limit since we expect that the gas, as indicated
by the observations of the ionised phase or by the simulation of
the HI phase (Tonnesen & Bryan 2010) should have a clumpy
distribution with peaks in column density well above this limit.
The MUSE observations of ESO 137-001 show that the kine-
matical properties of the stripped gas do not significantly change
with respect to that of the parent galaxy (Fumagalli et al. 2014).
We thus expect that the stripped gas is distributed on the same
velocity range than NGC 4569 and it is not spread on a much
wider range, reducing the expected signal-to-noise per channel.
We can thus conclude that, if the stripped gas was still in its neu-
tral phase, we should detect it.
An independent estimate of the upper limit to the column
density of the neutral gas in the tail can be inferred using the
deep Herschel observations shown in Fig. 10. Considering the
typical sky noise level at 250 µm around NGC 4569 given in
Ciesla et al. (2012) (' 0.25 mJy pixel−2 corresponding to ' 0.07
mJy arcsec−2), we can derive the detection limit in dust column
density using a modified black body emission with β = 2 and
a grain emissivity parameter k250 = 2.0 cm2 g−1 (e.g. Boselli
2011). This limit can be transformed into a limit in gas column
density using a typical gas-to-dust ratio. The gas-to-dust ratio of
nearby massive galaxies ranges from 160 (Sodroski et al. 1994)
to 70 (Sandstrom et al. 2013). With these values, the detection
limit in the gas column density derived from 250 µm data should
be ∼ 2-5 × 1019 cm−2, comparable to the limits of the VIVA
survey.
There are other indications suggesting that the gas is ionised
within the tail. We can calculate the typical timescale necessary
for the ionised gas in the tail to recombine using the relation:
τrec =
1
neαA
(5)
where αA is the total recombination coefficient (αA = 4.2 × 10−13
cm3 s−1; Osterbrock & Ferland 2006). For a typical density of ne
' 2-4 × 10−2 cm−3, the recombination time is ' 2 Myr, a short
time if compared to the time necessary to produce a tails ' 145
kpc long (see sect. 4). It is thus conceivable that the gas is kept
ionised within the tail. The comparison of the Hα+[NII] frame
and the optical and UV images in Fig. 7, 8, and 9 shows the lack
of any compact star forming region within the tail ruling out
in situ stellar photoionisation. The detailed comparison of the
ionisation models with the spectroscopy properties of the gas in
the tail of ESO 137-001 suggests that the gas is not only pho-
toionised by the UV radiation emitted by young stars but also by
other mechanisms. These might be ionisation by the hot gas of
the intracluster medium, thermal conduction and turbulent mix-
ing, although a direct evidence of their presence is still lacking
(Tonnesen et al. 2011; Fossati et al. 2015). The lack of any star
forming region in the tail, on the contrary present in ESO 137-
001 (Jachym et al. 2014), suggests that the contribution of these
other mechanisms must be even dominant in NGC 4569.
The lack of star forming regions in the tail of NGC 4569 can
result from two main effects as indicated by the simulations of
Tonnesen & Bryan (2012). The efficiency with which the gas is
transformed into stars in the tails of ram pressure stripped galax-
ies depends on the way the low-density gas cools and condenses
in the turbulent wakes. This process is more efficient whenever
the density of the intracluster medium is high as in massive clus-
ters such as Coma and A1367 where most of the tails of stripped
material harbor star forming regions (Yoshida et al. 2008, Yagi et
al. 2010, Fossati et al. 2012). The typical density of the intraclus-
ter medium in Virgo is ∼ a factor of 10 lower than in Coma and
A1367 (Briel et al. 1992; Bo¨hringer et al. 1994). Considering a
β-model (Cavaliere & Fusco-Femiano 1976) to trace the depro-
jected distribution of the X-ray emitting gas within Virgo:
ρ = ρ0
[
1 + (
r
rc
)2
]− 32 β
(6)
and assuming a central density of the intergalactic medium of ρ0
= 2 × 10−3 cm−3 (Bo¨hringer et al. 1994), a core radius rc = 2.7
arcmin and β = 0.47 (Schindler et al. 1999), we estimate that the
density of the intracluster medium near NGC 4569 is ρ ' 10−5
cm−3 (we assume a distance r from the cluster core of 1.7 de-
grees, corresponding to 0.32 Rvir). This value can be compared
to the density of the gas used in the simulation of Tonnesen &
Bryan (2012), ρ = 5 × 10−5 cm−3 for a galaxy of stellar mass 1011
M (vs. Mstar = 3 × 1010 M for NGC 4569). The simulations of
Tonnesen & Bryan (2012) also indicate that for the star forma-
tion to take place in the tail requires a sufficient amount of time
(∼ 200 Myr) to make the gas cool and collapse. This timescale is
comparable to the derived age of the interaction (100-300 Myr;
Vollmer et al. 2004, Boselli et al. 2006; Crowl & Kenney 2008).
It is thus possible that the stripped gas still did not have the time
to collapse and form new stars. We should recall, however, that
these condensed regions of star formation appear in the simula-
tions whenever the gas is allowed to cool and the contribution of
the different heating processes is underestimated. The presence
of several condensed regions in another Virgo cluster galaxy, IC
3418 (Hester et al. 2010; Fumagalli et al. 2011; Kenney et al.
2014), where the conditions of the intracluster medium are ex-
pected to be similar to those encountered by NGC 4569, clearly
indicate that the process of formation of these extraplanar HII
regions is still far from being understood.
6.4. The evolution of NGC 4569 in the cluster
The new set of extremely deep Hα+[NII] imaging data collected
in this work, combined with those available at other frequencies,
and the comparison with model predictions allow us to recon-
struct the evolution of the galaxy within the Virgo cluster en-
vironment. All observational evidence collected so far suggests
that NGC 4569 underwent a recent ram pressure stripping event.
Given the presence of a nearby companion, IC 3583, at a pro-
jected distance of ∼ 6 arcmin, however, we cannot exclude grav-
itational perturbations. A gravitational interaction between the
two objects, however, seems ruled out by the fact that their most
accurate distance estimate done using the tip of the red giant
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branch in HST observations locates IC 3583 in the foreground
of the cluster (D = 9.52 Mpc) and NGC 4569 at D & 17 Mpc
(Karachentsev et al. 2014). To quantify the importance of any
possible tidal interaction with that galaxy we can estimate the
duration of a possible tidal encounter between the two galaxies
using the relation (Binney & Tremaine 1987):
tenc ' max[rNGC4569, rIC3583, b]/∆V (7)
where rNGC4569 (22.8 kpc) and rIC3583 (6.9 kpc) are the radii of
the two galaxies, b their separation, and ∆V their relative ve-
locity. If we assume that both galaxies are at the same distance,
thus that b ' 32 kpc we can calculate tenc using eq. 7. IC 3583
has a radial velocity of 1120 km s−1, significantly different from
that of NGC 4569 (vel = -221 km s−1), thus tenc ' 23 Myr. This
timescale is very short compared to the time required to NGC
4569 to make a complete revolution (' 370 Myr). Although an
interaction on their extended halos is still possible, it is quite un-
likely that on such short timescale the tidal interaction is able to
remove ' 1.9 × 1010 M of atomic gas.
We can also estimate the typical truncation radius for two
interacting galaxies using the relation (Read et al. 2006):
rt ' b
[ m
M(3 + e)
]1/3
(8)
where m and M are the masses of the two interacting galaxies,
b their separation and e the ellipticity of their orbit. Again as-
suming b = 32 kpc as a lower limit, an ellipticity of e = 1 and
a stellar mass Mstar = 3 × 1010 M for NGC 4569 and Mstar =
6.3 × 108 M for IC 3583 we obtain a truncation radius rt & 74
kpc for NGC 4569 and 5.5 kpc for IC 3583. The truncation ra-
dius of NGC 4569 is significantly larger than the optical radius
(22.8 kpc), it is thus very unlikely that gravitational interactions
have been the dominant perturbing mechanism affecting the re-
cent evolution of that galaxy. This result is consistent with the
fact that we do not observe any significant stellar tidal feature
associated to the observed tails of ionised gas (Fig. 7). We can-
not, however, exclude that a fly-by encounter of the two galaxies
has occurred. This kind of encounter generally induces nuclear
gas infall (Moore et al. 1998). If this happened, it could explain
the prodigious nuclear starburst activity occurred 3-6 Myr ago
(Barth & Shields 2000; Grebel & Bruhweiler 2002), or an older
(> 15 Myr) starburst (Keel 1996), with possible feeding of a mild
nuclear activity. The spectacular optical images obtained at the
CFHT as part of the NGVS survey (Fig. 8) indicate small (a few
kpc) low surface brightness features perpendicular to the disc
in the south east side of the galaxy or in the north suggesting
a possible bridge with IC 3583. A minor gravitational interac-
tion might also have contributed to flatten the potential well of
the two galaxies, weakening their gravitational binding forces
which keep the diffuse gas of the ISM anchored to the stellar
disc, thus making ram pressure stripping more efficient (Gavazzi
et al. 2001).
A further evidence in favour of a ram pressure stripping event
is the presence of a polarised radio ridge southwest to the galaxy
centre probably produced by a local compression of the gas able
to organise the magnetic field (Wezgowiec et al. 2012). This po-
larised radio continuum feature is located south of the main spur
of ionised gas coming out from the nucleus of the galaxy. The
position of the tails of ionised gas suggests a slightly different or-
bit than the one proposed by Vollmer (2009), where the galaxy is
expected to have crossed the cluster core ∼ 300 Myr ago and is
now coming towards us on a south-west to north-east orbit. The
observed tails of Hα+[NII] gas rather indicate a west-to-east or-
bit, questioning thus the interpretation of the X-ray distribution
of the hot gas in a Mach cone as proposed by Wezgowiec et al.
(2011).
The first interesting result of this work is that ram pressure
stripping can be the dominant mechanism for removing the ISM
in massive galaxies (Mstar ' 3 × 1010 M) falling into interme-
diate class clusters (Mvirial = 1.4-4.2 × 1014 M, McLaughlin
1999, Urban et al. 2011, Nulsen & Bohringer 1995, Schindler
et al. 1999; ∆vel = 800 km s−1, Boselli et al. 2014a; ρ0 = 2 ×
10−3 cm−3 T =2.3 keV, Bohringer et al. 1994), thus extending
previous finding to a much broader range of environments and
objects (see also Catinella et al. 2013). If the galaxy has fallen
into the cluster from behind, as indicated by its negative reces-
sional velocity, in an orbit from west to east, as suggested by the
tails, it has encountered the maximal density of the intracluster
gas north to M87, at a radial distance of & 230 kpc (' 0.1 Rvir),
where the density of the intergalactic medium is ρ230kpc ' 4 ×
10−5 cm−3 as derived using equation 4. It is worth mentioning
that NGC 4569 is not an isolated case of massive galaxy with
tails of gas witnessing an ongoing ram pressure stripping event
in the Virgo cluster: NGC 4388 is another obvious candidate
(Yoshida et al. 2002; Oosterloo & van Gorkom 2005; Kenney
et al. 2008), as well as the seven massive spirals with HI tails
observed by Chung et al. (2007).
This analysis also shows that the diffuse component of the
ionised gas in the extended tail is a factor of ∼ 90 larger than
that expelled by the nuclear outflow. Since the ionised gas is the
dominant phase in the tail (the mass of hot gas in the galaxy
halo derived from X-ray data is . 2 × 108 M; Wezgowiec et
al. 2011), this indicates that in massive galaxies the contribu-
tion of the nuclear feedback to the ejection of the gas mass is
minimal. Furthermore it can hardly reproduce the truncated disc
in the gas and dust components observed in NGC 4569 and in
most of the gas deficient cluster galaxies with a quenched activ-
ity of star formation (Cortese et al. 2012a; Boselli et al. 2014c).
As suggested by hydrodynamic cosmological simulations, how-
ever, it can contribute to make ram pressure stripping efficient
by injecting kinetic energy into the ISM weakening the gravita-
tional forces which keep the gas bounded to the potential well
of the galaxy (Bahe & McCarthy 2015). The question is whether
NGC 4569 is representative of typical massive galaxies in terms
of nuclear activity. It is classified as a LINER/HII region tran-
sition type nucleus by Gabel & Bruhweiler (2002). It is also
classified as a strong AGN using the BPT diagram (Baldwin et
al. 1981), as 17 % of the Herschel Reference Survey late-type
galaxies with a stellar mass Mstar > 1010 M (Gavazzi et al.,
in preparation), and can thus be considered as a typical active
massive galaxy. The feedback process that follows the removal
of the hot X-ray halo of galaxies falling in high-density environ-
ments in a starvation scenario (Larson et al. 1980) does not seem
to be as efficient as cosmological simulations or semi-analytic
models indicate (Weinmann et al. 2006; McCarthy et al. 2008,
2011; Font et al. 2008; Kang & van den Bosch 2008; McGee
et al. 2009; Kimm et al. 2009; Guo et al. 2011; De Lucia et al.
2012; Bahe & McCarthy 2015). A more realistic description of
the (nuclear) feedback process should be considered. Our results
provide further evidence that ram pressure is a compelling mech-
anism to explain the stripping of the cold gas component of the
ISM and thus the quenching of the star formation activity of late-
type galaxies in high density environments.
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7. Conclusion
We present new deep, narrow-band Hα+[NII] imaging data
of NGC 4569 obtained with MegaCam at the CFHT. The
Hα+[NII] image show the presence of long low surface bright-
ness (Σ(Hα + [NII]) ' 10−18 erg s−1 cm−2 arcsec−2) tails of
ionised gas extending perpendicularly from the disc of the
galaxy in the west direction up to ' 145 kpc. The presence of
these tails are a clear indication that the galaxy is undergoing
a ram pressure stripping event. This observational evidence
suggests that the ram pressure stripping mechanism is efficient
not only in intermediate-to-low mass galaxies in the core of
massive clusters, as previously thought, but also in massive
galaxies located in an unrelaxed cluster of intermediate mass
(∼ 1014 M) still in formation, with characteristics similar to
those encountered in high-density regions at high redshift. The
Hα+[NII] image also shows a plume of ionised gas extending
' 8 kpc perpendicular to the nucleus powered by a nuclear out-
flow. The total mass of the ionised gas in the tail is an important
fraction of that of the cold atomic hydrogen that the galaxy has
lost during its crossing of the cluster. The mass of the ionised
gas expelled by the nuclear outflow, on the contrary, is ' 1 % of
the total mass of the ionised gas in the tail. It can hardly be at
the origin of the truncated gaseous, dust and star forming disc of
NGC 4569. If we consider NGC 4569 representative of massive
galaxies in intermediate density regions, this analysis suggests
that ram pressure stripping is the dominant process responsible
for the gas removal and for the quenching of the star formation
activity observed in galaxies located in high-density regions.
The contribution of the nuclear feedback, made efficient after
the removal of the hot gas halo (starvation), is only marginal and
significantly less important than what it is generally assumed in
cosmological simulations.
The lack of HII regions, the derived density and the physical
extension of the tails let us speculate that the gas is mainly
excited by mechanisms other than photoionisation. These can be
shocks in the turbulent gas, MHD waves, and heat conduction.
The presence of thin filamentary structures observed along the
tails, reproduced by the most recent hydrodynamic simula-
tions, suggests that magnetic fields might play an important role.
The analysis presented in this work underlines once more
how the detailed study of representative objects in the nearby
universe, where high-quality multifrequency data and tuned
chemo-spectrophotometric and kinematic models are available,
is a powerful tool for understanding the environmental mecha-
nisms affecting galaxy evolution. This work is a further evidence
that deep narrow band Hα+[NII] imaging obtained with wide
field detectors is probably the most sensitive technique to catch
ongoing interactions such as the one observed in NGC 4569.
Indeed, at the typical depth that modern instruments can provide,
the fraction of galaxies in nearby clusters with tails of stripped
material is very small in HI or X-ray, while it strongly increases
in Hα. As an example, the number of galaxies with HI tails in
the VIVA survey of the Virgo cluster is only 7 out of the 53 ob-
served objects. For comparison, ∼ 50 % of the late-type galax-
ies observed with a narrow band Hα+[NII] filter in Coma and
A1367 by Yagi, Yoshida and collaborators have extended tails
of ionised gas (e.g. Boselli & Gavazzi 2014). The very nature of
the physical process responsible for the stripping of the gas (ram
pressure vs. tidal interactions), for its excitation in the tails or
in the plume associated to the nuclear outflow and for the possi-
ble formation of HII regions far from the galactic disc, however,
requires deep high velocity and angular resolution integral field
spectroscopic observations that only instruments such as MUSE
can provide.
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Table 1. Hα+[NII] fluxes and equivalent widths of Virgo cluster galaxies with data in the literature.
This work This work Literature Literature
Galaxy log f(Hα+[NII]) Hα+[NII]E.W. log f(Hα+[NII]) Hα+[NII]E.W. Ref.
erg s−1 cm−2 Å erg s−1 cm−2 Å
NGC 4569 -11.85±0.02 3.1±0.1 -12.02±0.25 2±1 1
-11.24 - 2
-11.62b 6±2b 3
-11.95±0.07 - 4
-11.83 - 5
IC 3583 -12.67±0.02 12.1±0.4 -12.17±0.08 43.5±12.2 6
NGC 4584 -13.07±0.04 4.8±0.3 -12.98±0.19 7.5±4.8 6
AGC 225847 -14.42±0.08 17.3±1.7 -14.30±0.07 26.2±4.5 7
VCC 1614a -14.70±0.01 8.4±0.1 -14.75±0.04 4.3±0.5 8
Note: a: in the 3 arcsec SDSS aperture; b: measured in a circular aperture of 7 arcmin diameter.
References: 1) Boselli & Gavazzi (2002); 2) Young et al. (1996); 3) Kennicutt & Kent (1983); 4) Sanchez-Gallego et al. (2012); 5) Koopmann et
al. (2001); 6) Gavazzi et al. (2002); 7) Gavazzi et al. (2012); 8) Alam et al. (2015).
Table 2. Spectroscopic emission line measurements of the different regions shown in Figures 6 and 5.
Region Start End log(Hα/Hαnuc) ∆v σ [NII]λ6584/Hα [SII]λλ6716,6731/Hα [SII]λ6716/[SII]λ6731
” ” (km s−1) (km s−1)
A 16 7 -1.9 82.6±5.5 54.2±6.1 1.39±0.41 0.88±0.28 1.48±0.43
Nuc 3 -3 +0.0 3.2±2.0 132.8±2.1 1.29±0.04 0.67±0.02 1.10±0.06
B -9 -14 -1.7 24.4±1.5 29.6±1.8 0.69±0.05 0.44±0.04 1.40±0.25
C -21 -33 -2.7 10.6±8.4 41.6±8.8 2.15±0.80 - -
D -49 -54 -1.8 60.0±0.8 9.6±1.7 0.37±0.03 0.26±0.02 1.74±0.32
E -67 -84 -2.2 128.4±7.8 89.2±8.2 0.85±0.12 0.48±0.08 1.20±0.30
F -84 -89 -2.4 84.1±11.4 73.8±12.8 0.79±0.21 - -
G -89 -96 -2.1 48.8±4.8 79.1±4.9 1.06±0.11 0.77±0.09 1.51±0.32
H -96 -104 -2.4 -13.9±8.6 90.6±9.5 1.30±0.22 - -
Notes: Region Nuc corresponds to the nucleus of NGC 4569. Start and End denote the position in arcseconds with respect to the photometric
center where the 1D extraction is performed. log(Hα/Hαnuc) is the brightness of the Hα line in a given region normalised to that of the nucleus.
∆V is given with respect to the systemic velocity of NGC 4569 (−221kms−1).
Table 3. Hα+[NII] flux and surface brightness of the low surface brightness features.
Region log f(Hα+[NII]) Σ(Hα + [NII]) Area
erg s−1 cm−2 10−19 erg s−1 cm−2 arcsec−2 arcsec2
Tail -12.52±0.36 5.2±4.4 573619
Outflow -13.07±0.02 88.2±4.4 9625
1 -14.19±0.13 14.4±4.4 4537
2 -14.19±0.18 10.5±4.4 6185
3 -14.14±0.20 9.3±4.4 7743
4 -14.22±0.18 10.7±4.4 5628
5 -14.35±0.16 11.8±4.4 3773
6 -14.59±0.18 10.7±4.4 2404
7 -14.40±0.15 12.4±4.4 3251
8 -13.41±0.12 16.2±4.4 24350
9 -13.61±0.16 11.9±4.4 20417
10 -13.39±0.09 21.2±4.4 19146
11 -13.90±0.15 12.3±4.4 10220
12 -14.12±0.17 11.4±4.4 6667
13 -14.26±0.17 11.0±4.4 5038
Boselli et al.: Spectacular tails of ionised gas in the Virgo cluster galaxy NGC 4569 13
Fig. 1. The galaxy NGC 4569 is located at 1.7 degrees (0.32 Rvir) north-east from the core of the Virgo cluster M87. Contours indicate
the distribution of the X-ray gas as derived by ROSAT observations (Bo¨hringer et al. 1994). The CFHT MegaCam continuum-
subtracted Hα+[NII] image of the galaxy smoothed with a 5x5 median filter and masked form the emission of foreground stars (see
sect. 3) is magnified by a factor of 6 to underline the orientation of the tail of ionised gas with respect to the position of the galaxy
within the cluster.
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Fig. 2. The CFHT MegaCam continuum-subtracted Hα+[NII] image of NGC 4569 and IC 3583 smoothed with a 5x5 median filter
and masked from the emission of foreground stars. Contours are drawn from the 10−18 erg s−1 cm−2 arcsec−2 Hα+[NII] surface
brightness level. The white box marks the area observed with the 1.2m OHP telescope shown in Figure 3.
Table 4. Parameters of NGC 4569 and IC 3583
Variable NGC 4569 Ref. IC 3583 Ref.
Morph. type SAB(rs)ab;LINER;Sy 1 IBm 1
D (Mpc) & 17 2 9.52±0.95 2
r25 22.8 kpc 3 6.9 4
vel -221 km s−1 5 1120 5
r/Rvir 0.32 TW 0.32 TW
Mstar (M) 3.0×1010 6 6.3×108 6
Mdyn (M) 1.2×1011 7 -
M(HI) (M) 7.6×108 5 4.7×108 5
M(H2)a (M) 4.9×109 8 <2.8×107 9
M(X − rays) (M) . 2×108 10 - -
Mtail(Hα) (M) 3.2×109 TW - -
Mout(Hα) (M) 3.4×107 TW - -
Notes: a = derived using a constant XCO = 2.3 × 1020 cm−2/(K km s−1) conversion factor (Boselli et al. 2002).
References: 1) NED; 2) Karachentsev et al. (2014); 3) g-band isophotal radius, from Cortese et al. (2012b); 4) GOLDMine (Gavazzi et al. 2003);
5) Haynes et al. (2011); 6) derived from i-band luminosities using the g − i colour-dependent stellar mass-to-light ratio relation from Zibetti et
al. (2009) and assuming a Chabrier (2003) initial mass function; 7) Haan et al. (2008); 8) Boselli et al. (2014b); 9) Boselli et al. (2002); 10)
Wezgowiec et al. (2011).
Boselli et al.: Spectacular tails of ionised gas in the Virgo cluster galaxy NGC 4569 15
Fig. 4. The CFHT MegaCam Hα+[NII] image of NGC 4569 and IC 3583 smoothed as in Fig 1. The different low surface brightness
regions with Hα+[NII] emission are indicated with cyan polygons, and their surface brightness is listed in Table 3. The yellow
elliptical aperture indicates the adopted extension of the galaxy within which its total Hα+[NII] flux has been measured (Table 1).
The total emission within the tail has been measured within the large green polygon, while that of the nuclear outflow within the
blue polygon.
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Fig. 6. The CFHT MegaCam Hα+[NII] image of the star forming disc and of the nuclear outflow of NGC 4569. The green line
indicates the position of the long slit in the Calar Alto spectroscopic observations. The different letters indicates the various regions
used to extract 1D-spectra and derive the physical parameters listed in Table 2. They corresponds to those indicated in Fig. 5.
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Fig. 7. The pseudo-colour image of NGC 4569 and IC 3583 obtained combing the CFHT MegaCam NGVS optical g (blue) and i
(green) images with the Hα+[NII] narrow band image (red). North is up, east left.
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Fig. 8. The pseudo-colour image of NGC 4569 and IC 3583 obtained using the CFHT MegaCam NGVS (Ferrarese et al. 2012)
optical u (blue), g (green), and i (red) images. North is up, east left.
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Fig. 9. The GALEX NUV (upper) and FUV (lower) images of NGC 4569 with contour levels showing the Hα+[NII] surface
brightness level of 10−18 erg s−1 cm−2 arcsec−2.
Fig. 10. The 0.4-1.3 keV background subtracted and exposure corrected X-ray (left) XMM image and the far-infrared 250 µm (right;
Ciesla et al. 2012) images of NGC 4569 with contour levels showing the Hα+[NII] surface brightness level of 10−18 erg s−1 cm−2
arcsec−2.
